Abstract-Permanent magnet (PM) machine has received much attention recently. However, unbalanced magnetic force (UMF) may occur in PM machines with some slot/pole number combinations even when there is no rotor eccentricity, which can cause high vibration and noise. In order to reduce the rated on-load UMF, three 3-slot/2-pole PM machines with different auxiliary slots are investigated and compared in this paper. In the first two machines, namely, machines 1 and 2, the auxiliary slots are inserted in the middle of the stator teeth, while their sizes are optimized under different working conditions, i.e., no-load and rated on-load conditions. In contrast, both position and size of auxiliary slots are optimized under the rated on-load condition in the third machine viz., machine 3. Compared with the conventional prototype machine, the maximum rated on-load UMFs are reduced by 6.3%, 50.7%, and 96.6%, and the rated output torques are decreased by 0.7%, 11.5%, and 4% in these three machines, respectively. In addition, the other electromagnetic performances, such as flux linkage, back electromagnetic force, cogging torque, rated output torque, and torque ripple, are compared. The influence of working conditions is investigated, and the experiments are also carried out to validate the numerically predicted results.
in machines with axial even and axial-varying eccentricity were calculated by an analytical method in [5] and [6] . Li et al. [7] , [8] used a two-dimensional (2-D) conformal mapping method to calculate the UMF caused by eccentricity in surface-mounted PM machines. The difference of UMF between internal and external fractional-slot PM machine was studied in [9] . Wu et al. [10] [11] [12] compared the UMF in surface-mounted permanent magnet machines having different slot/pole combinations, and the influence of design parameters on UMF was investigated in [13] [14] [15] .
The reduction of UMF has also been widely investigated for decades. Various methods have been proposed, which can be classified as machine control methods and machine design optimizations [16] . As for the machine control methods, a fieldweakening commutation strategy can be used to minimize onload UMF [17] . A similar method is introduced in [18] , which injected appropriate current to compensate the low-order spatial harmonics of air-gap flux density. An effective method of rotor optimization is shaping and magnetizing magnets properly [19] , [20] . In [21] , another method is proposed by adding notches in the rotor of interior permanent magnet machines. However, these methods lead to a complex machining process, which increases the cost significantly. The shaped rotor may have a mechanical problem when it runs under the high-speed condition [22] . In addition to rotor shape optimization, UMF can be also reduced by stator structure optimization. In [23] , the no-load UMF is decreased by adding auxiliary slots into the middle of the stator teeth with the same size compared with slot openings. However, this method has a very limited influence on the rated on-load UMF. Different types of auxiliary slots were used in [24] , which shows auxiliary slots with optimal size and position have the best performance as for rated on-load UMF reduction.
The aim of this paper is to compare the electromagnetic performance of several machines with different auxiliary slots, with emphasis on the maximum rated on-load UMF reduction. Although there are many different slot/pole combinations, the 3-slot/2-pole machine is chosen at first due to the simple rotor and stator structure. The feasibility of the proposed method on other slot/pole combinations will be validated in later part. This paper is organized as follows. In Section II, the 2-D model of a conventional 3-slot/2-pole PM prototype machine is introduced and its UMF characteristics are analyzed. In Section III, the UMFs of machines with different auxiliary slots are investigated, and their other electromagnetic performances are compared in Section IV. In Section V, the effect of working conditions is investigated. The influence of slot/pole combinations and magnetizations on the effectiveness of the proposed method is investigated in Section VI. The experiments are carried out to validate the numerically predicted results in Section VII. Finally, Section VIII presents the conclusion.
II. UMF OF CONVENTIONAL 3-SLOT/2-POLE MACHINES
The cross section of a conventional 3-slot/2-pole PM prototype machine is shown in Fig. 1 , and its detailed parameters are listed in Table I . In the prototype machine, the concentrated winding and a 2-pole PM ring are employed.
To obtain the characteristics of UMF, the field distribution needs to be investigated at first as the UMF origins essentially from the asymmetric magnetic field distribution. The no-load and on-load field distributions are shown in Fig. 2 . It is found that the field is symmetrical along the x-axis at this rotor position under the no-load condition, which means there is only the Fig. 3 . UMF comparison between no-load and on-load condition of the conventional 3-slot/2-pole machine.
x-axis direction component of UMF. However, the field is modified when the currents are input, the armature field makes the on-load field not symmetrical along the x-axis anymore, and hence, there will be an extra UMF component in the y-axis, which does not only affect the amplitude but also the phase of the total UMF.
By way of example, the comparison of UMF under no-load and on-load conditions is shown in Fig. 3 . It is found that the amplitude of UMF is significantly increased by the input current. Meanwhile, the phase of on-load UMF lags behind the no-load one about 90°, which confirms that a measurable y-axis UMF component is introduced due to the enhancement of the armature field.
Since both PM field and armature field have great influence on the on-load UMF, the on-load UMF has to be decomposed according to the source so that the contribution of each magnetic fields can be studied in details.
The UMF based on the Maxwell stress tensor can be calculated by [15] 
where F x and F y are the UMF components in x-and y-directions, r is the radial of the middle of air-gap, α is the rotor position in mechanical degree, l a is the active length of a machine, and σ and τ are the radial and circumferential traveling stresses, respectively, which can be calculated by
where B r and B t are the radial and tangential components of air-gap flux density, which can be expressed as
B t = B m t + B at (6) where B m r , B ar and B m t , B at are the radial and tangential flux densities of PM and armature fields, respectively. Since both these field components are affected by saturation, the frozen permeability method is used here for separating the flux densities [25] , which could be calculated as follows: at a specific working condition, the permeability distributions of a soft magnetic material under the on-load condition can be predicted and saved by a finite element method. Then, the PM field is calculated by setting current as zero and employing the permeability distributions just obtained. By this means, the PM field considering the influence of the armature field on saturation can be predicted precisely. Following the same procedure, the corresponding armature field can be also calculated. It should be noticed that while calculating B ar and B at , the remanence of the magnet material should be set as zero, but the relative permeability of the magnet should not be changed. In this way, the radial and tangential traveling stresses can be decomposed as
where σ 1 , τ 1 , σ 2 , τ 2 , and σ 3 , τ 3 are the radial and tangential traveling stresses caused by the self-interaction of the PM field, the self-interaction of the armature field, and the mutual interaction between these two fields, respectively. The UMF caused by the self-interaction of the PM field introduces UMF under the open-circuit condition, and the UMF caused by the interaction between the armature field and the PM field aggravates the UMF under on-load situation. For convenience, F1 and F2 are used here to represent these two components, which resulted from σ 1 , τ 1 and σ 2 , τ 2 . Although the self-interaction of the armature field can also affect UMF, its value is far lower compared with the other two UMF components due to the large equivalent airgap length for armature field caused by relative thick magnet thickness, and therefore, this part of UMF is neglected in the following analysis. For instance, the amplitude and phase of F1 and F2 are calculated and shown in Fig. 4 ; it can be seen that F1 has great difference compared with no-load UMF no matter as for amplitude or phase shown in Fig. 3 , even if both of them are caused by the self-interaction of the PM field. In order to explain this phenomenon, the PM field flux distributions under no-load and rated on-load conditions are shown in Fig. 5 . As can be seen, the PM field flux distribution under the rated on-load condition is not symmetrical along the x-axis anymore, which is due to the modified permeability distribution caused by the armature field. Consequently, the phase difference between F1 and F2 is slightly bigger than 90°, and there is a small canceling effect between F1 and F2.
III. INVESTIGATION OF THE EFFECT OF AUXILIARY SLOTS ON UNBALANCED MAGNETIC FORCE MITIGATION
Since the main reason for no-load UMF is the asymmetric distributed slot openings rather than stator slots [23] , the auxiliary slots with the same size as slot openings can be inserted into the middle of the stator teeth to balance the slot opening distribution, and no-load UMF can be almost eliminated by this means.
However, due to the fact that F2 is much higher compared with F1, as shown in the last section, the rated on-load UMF is just slightly reduced by this method since the reduction is mainly achieved by reducing F1. In other words, the optimization goal of this method is the minimum no-load UMF instead of the minimum rated on-load UMF.
Alternatively, the optimization goal can be changed to the minimum rated on-load UMF. As a result, the size of auxiliary slots could be modified significantly. By way of example, the topologies of these two machines, namely, machines 1 and 2, are shown in Fig. 6 , whose optimization goals are the minimum no-load and rated on-load UMFs, respectively. The optimization of machine 2 is carried out by the FE method; both height and width of auxiliary slots have been optimized. The detailed parameters of their auxiliary slots are listed in Table II . It can be seen that machine 2 has much larger auxiliary slots compared with machine 1. Fig. 7 compares their performance on UMFs. It should be mentioned that the auxiliary slots change not only the air-gap permeance distribution but also the saturation of the stator, i.e., stator tooth body. Therefore, both F1 and F2 are affected by auxiliary slots. As a result, F1 and F2 are employed here to represent those two UMF components considering the influence of auxiliary slots.
As shown in Fig. 7 , both machines 1 and 2 can reduce the rated on-load UMF, but the reduction of machine 1 is much lower than machine 2, which is due to different functions of auxiliary slots in these two machines. In machine1, the auxiliary slots are mainly for balancing the slot opening distributions, hence the asymmetric air-gap permanence variation. However, the main function of auxiliary slots in machine 2 is reducing the harmonic content of armature field and fundamental PM field, which is achieved by larger equivalent air-gap length.
By way of examples, the field distributions of machines 1 and 2 are calculated by the frozen permeability method and shown in Fig. 8 . Due to the fact that the UMF results from any two adjacent field harmonics, although there are abundant harmonic contents, according to (1)-(10), the main part of F1 and F2 origins from the interaction between the fundamental PM radial field and the second PM tangential harmonic as well as the second armature harmonic, respectively.
It can be seen that the harmonic content of the PM field of machine 1 is much lower compared with machine 2, especially the second tangential harmonic, which results in lower F1 . However, the harmonic content of the armature field of machine 1 is much higher, which makes F2 of machine 1 larger than machine 2. In contrast, the armature field harmonics as well as fundamental PM field are lower in machine 2. As a consequence, machine 2 has relatively larger F1 but lower F2 .
Since F1 is caused by the self-interaction of the PM field, its phase mainly depends on the saturation condition and rotor position. From another perspective, if the rotor position and load condition are treated as fixed, the phase of F1 can be seen as a function of the position of the slot openings. As the auxiliary slots have almost the same function as the conventional slots on no-load UMF, this rule can be also applied to auxiliary slots. Since the amplitude of F1 can be adjusted by modifying the size of auxiliary slots, and its phase can be modified by shifting auxiliary slot's position to make F1 and F2 have the same amplitude but opposite direction by using auxiliary slots with optimized size and position, and hence, the on-load UMF can be eliminated by this means.
The parameters of auxiliary slots used in this method are shown in Fig. 9 , where s o and d so are the width of slots and auxiliary slots. s d and d sd are the height of slots and auxiliary slots, respectively, and α is the shift angle of auxiliary slots.
Machine 3 represents the machine optimized by this method; the FE method is employed for global optimization, and it is optimized under the rated on-load condition. The optimized variables are d so , d sd as well as α, and the optimization goal is the minimum rated on-load UMF. However, it should be noticed that the existence of auxiliary slots can result in torque reduction due to the increased equivalent airgap length, while significant torque decrease is usually unacceptable in practice. As a result, only the candidates of which the torque decrease is smaller than 5% will be considered further, and the machine having the minimum rated on-load UMF among the qualified candidates will be chosen as the optimal one. The cross section of the optimal topology is shown in Fig. 10 , and the parameters of auxiliary slots of machine 3 are listed in Table III . Fig. 11 compares the maximum UMFs of machine 3 under different input currents. It can be found that the proposed machine achieves almost zero UMF under the rated on-load condition that current equals to 10 A. This is due to the fact that F1 has the opposite phase and almost the same amplitude compared with F2 under this condition. Except for the rated on-load condition, the UMF of machine 3 is not zero anymore due to the variation of the armature field and the modified permeability distribution. In contrast, the UMF of the conventional machine increases over the whole current range due to the fact that the phase between F1 and F2 is close to 90°. Consequently, F1 and F2 have a very small canceling effect compared with machine 3.
The rated on-load UMF is 0.8 N in machine 3 but 23.8 N in the conventional one; the reduction is about 96.6%, which shows the great effectiveness of this method. It is worth noting that F2 highly depends on working load conditions. Therefore, F1 needs to be modified according to different input currents to obtain low UMF. As a result, the optimal size and position of auxiliary slots vary with working conditions, as shown in Fig. 12 .
In order to illustrate the working mechanism of the proposed method, a simple magnetomotive force (MMF)-permeance model is introduced.
The MMF of the PM field could be expressed as where θ indicates the rotor position in the electrical angle and ω is the electrical angular speed. Since the parallel magnetization is used in the prototype machine, there is no harmonics in MMF distribution. The airgap permeance model accounting for conventional stator slots is shown in Fig. 13 and it can be decomposed into a series of Fourier series as
where P 0 and P kn r are the coefficients of dc and harmonic components of permeance, respectively, k is the index of each harmonic, n r is the number of stator tooth, and θ 0 indicates the phase difference. As a result, the open-circuit airgap flux density could be calculated by multiplying the MMF of the PM field as well as airgap permeance distributions:
As can be seen, the abundant slot harmonics can be introduced, and adjacent harmonics appear due to an asymmetric stator structure, which results in no-load UMF.
Since the auxiliary slots have almost the same function in terms of modifying airgap permeance distribution, (9)-(11) could also be used for calculating the slot harmonics produced by auxiliary slots, the design parameters d so and d sd determine the coefficient of permeance distribution, and the shift angle α affects the phase. Consequently, the auxiliary slots with optimal size and position significantly change the amplitude and phase of slot harmonics, and it is possible that utilizing the slot harmonics compensate the other even-order airgap flux density harmonics under the rated working condition. By this means, the rated on-load UMF could be greatly reduced.
It should be noticed that the MMF-permeance model is only for illustration instead of giving the precise solution of each design parameter. This is due to the fact that the auxiliary slots also have a significant influence on saturation distribution, especially the local saturation, which has great influence on airgap permeance distribution. Since the saturation could not be considered in the analytical method, the direct solution of the analytical model will have a significant error compared with the optimal solution. As a result, the FE method will still be used for later investigation.
To show more detail, F1 and F2 in machine 3 against auxiliary slots shift angle are shown in Fig. 14. The rated current is 10 A and the current angle is 0 electrical degree. It can be seen that the position of auxiliary slots has a great effect on F1 for both phase and amplitude. In contrast, F2 is much less sensitive as for the position of auxiliary slots. This is due to the fact that F1 is caused by the self-interaction of the PM field, in which all harmonics except the fundamental are caused by the slotting effect, and therefore, the permeance variation affected by auxiliary slots has a great impact on the PM field harmonics in addition to the fundamental. As for the fundamental of the PM field, its amplitude and phase are related to the equivalent air-gap length and the initial position of the rotor, respectively. Hence, the auxiliary slots can only decrease its amplitude but have a very small effect on its phase. On the contrary, F2 is mainly caused by the fundamental harmonic of the PM field and the second harmonic of the armature field [12] , and the armature field harmonics are mainly originated from the armature field instead of slot harmonics. Therefore, the auxiliary slots have the similar influence on the armature field compared with the fundamental of the PM field.
By way of example, the harmonics in PM field and armature field with different shift angles are shown in Fig. 15 . It is worth mentioning that since the fundamental PM field is very insensitive to the shift angle of auxiliary slots, and its value is much larger than the other harmonics, it is not shown here so that the other harmonics can be observed more clearly. 
IV. MACHINE PERFORMANCE
In previous sections, three 3-slot/2-pole PM machines with different auxiliary slots are presented, and their UMFs are compared in detail. In this section, their other electromagnetic performance is evaluated and compared. Fig. 16 shows the comparison of phase flux linkages. It is found that machines 1 and 3 have almost the same phase flux linkage compared with the conventional one; the slight reduction is mainly due to the increased airgap length caused by auxiliary slots. In contrast, flux linkage in machine 2 is much lower, which is mainly due to the much larger auxiliary slots, hence the larger equivalent air-gap length.
A. Flux Linkage and Back EMF
The phase back electromagnetic forces (EMFs) are compared in Fig. 17 .
Since the back EMF is proportional to the phase flux linkage, the auxiliary slots have the similar effect on back EMF compared with flux linkage. Consequently, the fundamental back EMFs present the same trend compared with flux linkages.
In terms of the harmonic content, all of the machines have a very sinusoidal waveform expect for machine 2 in which the fifth harmonic is more measurable compared with other machines. As a result, the torque ripple of machine 2 is aggravated. Fig. 18 compares the cogging torques. It can be seen that machine 1 has the lowest cogging torque, which is due to the balanced air-gap permeance distribution caused by auxiliary slots. Moreover, the difference among the conventional machine, machine 1, and machine 3 is very small. In contrast, the cogging torque of machine 2 is much higher, which is mainly caused by the much larger auxiliary slots. 
B. Cogging Torque

C. On-Load Torque
In addition, the on-load torques are simulated and shown in Fig. 19 . It is found that since the auxiliary slots are very small, there is only very slight difference between the conventional machine and machine 1. However, auxiliary slots have a more significant effect on machines 2 and 3. Since the auxiliary slots increase the equivalent air-gap length much more significantly compared with machine 1, the reduction of rated on-load torque in machines 2 and 3 is more measurable. In addition, the saturation in machine 2 is heavier due to the thinner tooth width. Consequently, machine 2 has the lowest output torque. The rated output torques are decreased by 0.7%, 11.5%, and 4% in three machines.
The comparison of rated on-load torque ripple is shown in Table IV . It shows that the difference among machine 1, machine 3, and the conventional machine is very small, and the slight reduction is mainly due to the mitigation of cogging torque. In contrast, machine 2 has the largest torque ripple, which is due to the increased cogging torque and the relative measurable back EMF harmonics. 
V. EFFECT OF WORKING CONDITIONS
Previous sections investigated the performance of three machines with different auxiliary slots under rated working conditions according to the maximum torque per ampere control strategy. Since the machine mostly operates under the rated working condition in various applications, e.g., vacuum cleaner, etc., the best performance under the rated working condition is the most important. However, the load may change in few situations. Therefore, the effect of working conditions is also important, which will be investigated in this section.
The maximum on-load UMFs and average torques of three machines with different working conditions are shown in Fig. 20 , in which θ represents the current angle.
It can be found that all of the machines have similar torque characteristics, which are proportional to current amplitude but inversely proportional to the current angle. However, since the on-load torque is inversely proportional to the equivalent airgap length affected by auxiliary slots, machine 2 has the lowest on-load torque and the conventional one has the highest on-load torque. It is worth noting that machine 1 has the almost same characteristics as the conventional machine, this is because the auxiliary slots in machine 1 are very small; as a result, they have negligible influence on the equivalent airgap length as well as tooth saturation.
As for maximum UMFs, four machines have very different behaviors. It can be seen that the maximum UMF is proportional to current amplitude but almost irrelevant to the current angle in the conventional machine. This is because the slot openings are too small to affect UMF notably, and F2 dominates the value of on-load UMF. As the same reason, machine 1 has very similar characteristics as the conventional one when the current is relatively high. However, machine 1 has very low UMF when the current is small, this is because F1 dominates the whole value of UMF under this condition, and F1 is very small in machine 1 due to the balanced airgap permeance distribution. In contrast, auxiliary slots have a significant influence on machines 2 and 3. In machine 2, the phase difference between F1 and F2 is reduced gradually with the increase of the current angle, and the additive effect makes on-load UMF increase significantly. In contrast, machine 3 can almost eliminate the UMF under the rated working condition, and the reason has been detailed in Section III. However, it should be noticed that since the proposed method employed in machine 3 uses the slot harmonics produced by the auxiliary slots to compensate other undesirable airgap flux density harmonics, it is very hard to make the machine optimized by the proposed method have better overall performance, which is because the undesirable harmonics provided by the armature field vary with different working conditions. Nevertheless, the proposed method could offer better performance in a relative range, as shown in Fig. 20 .
In addition, although both current amplitude and current angle can affect the on-load UMF of machine 3 significantly, the reasons are different. The influence of current amplitude is investigated at first. By way of example, the field distributions of machines with different input currents, i.e., 2, 10, and 15 A, are shown in Fig. 21 , and the UMF components with different current amplitudes are shown in Fig. 22 . It can be seen that both F1 and F2 rise with the increase of the input current. The increase of F1 is mainly due to the aggravated saturation and the growth of F2 is mainly caused by the improved armature field. As for their phase, since the rotor position and current angle are kept the same, both F1 and F2 remain the almost same phases during the whole current interval.
The influence of the current angle on UMF is shown in Figs. 23 and 24 . Different from the effect of current amplitude, the current angle has a great impact on the phase of F2 , which decreases from 270°to 180°linearly when the current angle changes from 0°to 90°. This is due to the fact that the phase of F2 is determined by the phase of the armature field as well as PM field, since the phase of the PM field is not changed, the phase of F2 is mainly decided by the phase of the armature field, hence the current angle. As for the amplitude, both F1 and F2 are affected, which is due to the fact that the permeance distribution changes with the current angle as well.
VI. INFLUENCE OF SLOT/POLE COMBINATIONS AND MAGNETIZATIONS
As shown above, the machine with optimal size and position of auxiliary slots can provide excellent performance of rated on-load UMF reduction. However, the previous sections are based on a simple and specific 3-slot/2-pole machine structure to ease the investigation and illustration. In this part, the feasibility of the proposed method on 9-slot/8-pole machines will be validated. It should be noted that the parallel magnetization is identical to Halbach magnetization in a 2-pole machine, which indicates that there is no MMF harmonics in the PM field. However, these two magnetizations will be different in machines with other pole numbers. Consequently, both 9-slot/8-pole machines having parallel and Halbach magnetizations will be investigated.
The cross sections of conventional and optimal machines are shown in Fig. 25 and the detailed parameters are shown in Tables V and VI. The comparisons of rated on-load UMF and output torque are shown in Fig. 26 . As can be seen, the proposed method can reduce as much as 96.2% and 68.7% of UMF and the torque reduction is 4.8% and 4.9% in the machine with Halbach and parallel magnetizations. The results show the proposed method can also offer great effectiveness on other slot/pole combinations and different magnetizations. It should be noticed that the machine with Halbach array can benefit more from the proposed method, which is due to two different reasons. First, the parallel magnetization results in more abundant airgap flux density harmonics due to additional MMF harmonics. As a result, the machine with parallel magnetization also has significantly higher both no-load and on-load UMFs. In addition, the Halbach array can also provide higher fourth airgap flux density harmonics as shown in Fig. 27 . According to (9) - (11), the required size of auxiliary slots in the machine having Halbach array can be smaller and hence more consider- able rated on-load UMF reduction when the torque reduction is limited as 5%.
It should be noticed that the machine with parallel magnetization also could have extremely low rated on-load UMF by employing the proposed method when the output torque reduction is not limited. As shown in Fig. 28 , the maximum reduction of rated on-load UMF can be as much as 93.4%, while the torque reduction is 15.8% in this situation.
VII. EXPERIMENTAL VALIDATION
To validate the previous numerical analyses, three prototype machines are built, i.e., the conventional machine, machine 2, and machine 3. The detailed main design parameters are listed in the previous sections. It should be noticed that machine 1 has not been built since it has very similar electromagnetic performance compared with the conventional machine. Three prototype machines are shown in Fig. 29 . All machines share the same rotor, in which the magnetic ring is used.
The measured phase back EMFs with 1000 r/min are shown in Fig. 30 , which have excellent agreements compared with the predicted values. The slight difference is mainly due to the manufacturing error as well as the end effect. Moreover, it is evident that the conventional machine has the highest phase back EMF, while the difference between machine 3 and conventional machine is very small; the slight reduction is due to the increased equivalent airgap length caused by the auxiliary slots.
In addition, the predicted and measured static torques with different rotor positions and currents are compared in Fig. 31 . Good agreements can be observed, while there is still a slight error, which is due to the tolerance in manufacturing and end effect. In addition, the test rig may also have the influence on the measured value since the static torque is small and relatively sensitive to the test environment.
The UMFs are also tested. It should be noticed that it is very complicated to measure the variation of the UMF with different rotor positions. Instead, the UMF with one fixed rotor position is tested. As for the fixed rotor position, it is chosen as the position under zero d-axis current control for all machines, which means the North Pole is always aligned with phase A.
It should be mentioned that the phase of maximum UMF changes with the input current, which means it is very hard to measure it directly even if the rotor is kept in the same position. However, it is possible to measure both the vertical and horizontal UMF components, and the resultant UMF can be obtained and observed by using an interpolation method, which is shown in Fig. 34 . As a result, the special end cap needs to be used, which is shown in Fig. 32 ; the hole for the shaft is deeper as much as 0.5 mm for one side in the special end cap. By this means, the shaft can move from the normal position to an eccentric position.
The whole test rig is shown in Fig. 33 . As can be seen, the eccentric hole is upwards and a wire is used to connect the shaft holder and the counterweight. The windings in all three machines are excited with I A = 0 and I B = −I c = − √ 3
2 I dc for a q-axis current. When the gravity of the counterweight, rotor, and shaft holder is balanced with the UMF in a vertical direction, the shaft will be at the normal position and any small force upwards will stabilize the rotor in the eccentric position.
It should be noticed that the UMFs have both vertical and horizontal components and their values could be positive and negative. As a result, the displacement of the stator depends on the direction of the UMF components needed to be tested. The stator positions with different UMF components are listed in Table VII . In terms of the direction of UMF, the initial position of the machine is located, as shown in Fig. 33 , which means F x has the same phase with phase A, and F y is located in a direction of F x counter clockwise 90°.
The comparison of predicted and measured UMFs is shown in Fig. 34 . Both the horizontal and vertical UMF components are tested. However, due to the fact that the mass of the counterweight is discrete, the resultant UMF is obtained by using an interpolation method. As shown, the difference between predicted and measured values is small. The slight error may be caused by the frictional force, misaligned between the North Pole and phase A as well as the manufacture tolerance.
The experimental results also show that machine 3 has the lowest maximum rated on-load UMF, while the conventional machine has the highest one.
VIII. CONCLUSION
In this paper, the characteristics of UMF in a conventional 3-slot/2-pole machine have been studied at first. Then, three machines with different types of auxiliary slots are investigated and compared. It shows that machine 1 has the best performance as for no-load UMF reduction, but it has very limit reduction on rated on-load UMF. Both machines 2 and 3 can reduce the rated on-load UMF significantly, but machine 3 can almost eliminate the rated on-load UMF. As for the output torque, both machines 1 and 3 have good performance, while machine 2 has a much lower output torque. However, machine 3 also has some drawbacks and limitations, i.e., the output torque is decreased slightly and the performance of on-load UMF mitigation is highly depended on working conditions. Finally, the experiments are carried out to validate the numerical analyses results, which have a good agreement with the predicted value.
